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A b s t r a c t  
n o t  
t o  
non 
The i n t r o d u c t i o n  of  t h i n  c o n d u c t i n g  f i l m s  i n t o  t h e  f a b r i c a t i o n  of  mic ro-  
wave devices  opens a new area  of research  and  development.  Because t h i n  
c o n d u c t i n g  f i l m s  h a v e  a f i n i t e  c o n d u c t i v i t y  i a s  c o n t r a s t e d  t o  t h e  a l m o s t  
p e r f e c t  c o n d u c t i v i t y  of  m o s t  b u l k  m e t a l s )  t h e y  c a n  s u p p o r t  a n  e l e c t r i c  
f i e l d .  Thus t h e   c o n v e n t i o n a l   b o u n d a r y   c o n d i t i o n   t h a t   t h e   t a n g e n t i a l  
component o f  e l e c t r i c  f i e l d  s t r e n g t h  i s  z e r o  a t  a conduct ing  sur face  does  
f i n i   t e   c o n d u c t i v i t y .  a p p l y  t o  t h e s e  f i l m s  w i t h  t h e i r  
I n  t h i s  p a p e r  t h e  c o n v e n t i o n a l  
i n c l u d e  t h i s  new boundary condi t 
we f i nd t h a t   t h e   r e c t a n g u   l a r  i r 
i s  now c a p a c i t i v e  u n d e r  p r e d i c t a b l e  
t h e o r y  o f  t h e  w a v e g u i d e  i r i s  i s  m o d i f i e d  
ion .  As a d i r e c t   r e s u l t  o f  t h i s  phenome- 
i s ,  which  would  normal ly  be i n d u c t i v e ,  
cond i t i ons .   S ince   t he   m ic rowave  im-  
p e d a n c e   b e h a v . i o r   o f   t h i n   f i l m s   i s  now understood,  i t  i s  p o s s i b l e  t o  b e g i n  
a comprehensive  study of  t h e  d e s i g n  o f  t h i n  f i l m  a c t i v e  and pass i ve  m ic ro -  
wave dev i ces. 
i i i  
THE THIN FILM IRIS 
R.L. Ramey, H,S. Landes,  and  E.A.Manus 
D e p a r t m e n t  o f  E l e c t r i c a l  E n g i n e e r i n g  
The U n i v e r s i t y  of V i r g i n i a  
Because of t h e  
component o f  e l e c t r  
m i c r o w a v e   i r i s e s  w i  
Summary 
a b i l i t y  o f  a t h i n  m e t a l l i c  f i  
i c  f i e l d  a t  i t s  s u r f a c e ,  i t  i s  
t h   t h e s e   f i l m s   w h i c h  w i l l  d i s p  
I m  t o  suppor t  a t a n g e n t i a l  
p o s s i b l e  t o  c o n s t r u c t  
lay  a c a p a c i t i v e  r e a c t a n c e  
where t h e i r  e x a c t  c o u n t e r p a r t  c o n s t r u c t e d  w i t h  a metal f o i l  w i l l  appear  as 
an i n d u c t i v e   r e a c t a n c e .  A t h e o r e t i c a l   a n a l y s i s   o f   t h i s   e f f e c t   i s  made and 
t h e  r e s u l t s  compared t o   e x p e r i m e n t a l   o b s e r v a t i o n s .  
I n t r o d u c t i o n  
0 
I n t e r e s t  i n  t h e  p o s s i b l e  a p p l i c a t i o n  o f  t h i n  f i l m  ( l e s s  t h a n  1000 A )  
m ic rowave t ransmiss ion  w indows as  poss ib le  modu la to rs  o r  sw i tches  led  t o  
t h e   i n t r o d u c t i o n  of  a v e r y   s m a l l   i r i s   i n   t h e   f i l m   i n   o r d e r   t o   b o t h   i m p r o v e  
t h e  p o w e r  t r a n s m i s s i o n  p r o p e r t i e s  o f  t h e  window  and a t  t h e  same t i m e  t o  
reduce  the  exper imen ta l l y  obse rved  s tand ing  waves. 
I n  each  case  the i r i s  was c a r e f u l l y  mounted i n  t h e  t r a n s v e r s e  p l a n e  
o f   a n  X-band microwave  system  (Figure I ) .  The f i l m  o r  f o i l  was connected 
e l e c t r i c a l l y  t o  t h e  w a l l s  of the  wavegu ide  by  the  use  o f  conduc t ing  s i l ve r  
pa ' i n t .  The dominant  TElo mode  was employed  and  p rob ing   ind ica ted   tha t   no  
h i g h e r   o r d e r  modes cou ld   be   de tec ted .   Tab le  I compares s i m i l a r  i r i s e s  
c o n s t r u c t e d   f r o m   ( a )   n i c k e l   s h e e t  0.005 i n c h e s   t h i c k  (127,000 angstroms) 
and ( b )  a n i c k e l  f i l m  475 angs t roms   th i ck   wh ich  was deposi ted  upon a 
suppor t i ng   m ica   subs t ra te .   Ex tens i ve   t es ts   have  shown t h a t   m i c a   s u b s t r a t e s  
severa l   thousandths  of a n  i n c h  i n  t h i c k n e s s  a r e  t r a n s p a r e n t  and  o n o t  
X 
Y 
Figure 1 .  A Thin F i ! m  Waveguide Window 
Which Contains an A p e r t u r e  
2 
r e f l e c t  m i c r o w a v e s .  T h i s  i s  n o t  t r u e  fo r  g l a s s   m i c r o s c o p e   s l i d e s   w h i c h  
e x h i b i t  a p r o n o u n c e d  r e f l e c t i o n  c o e f f i c i e n t .  
The c o m p a r i s o n  o f  t h e  t h i n  and t h i c k  f i  Im i r i s e s  i s  v e r y  i n t e r e s t i n g  
and may be most  read i l y  seen on  a S m i t h  c h a r t  ( F i g u r e  2 ) .  
A l t h o u g h  t h e  e x p e r i m e n t a l  w o r k  i n v o l v e d  o n l y  t h i n  m e t a l l i c  f i l m s  whose 
t h i c k n e s s  i s  o n  t h e  o r d e r  of t h e  c a r r i e r  mean-f ree-pa th  so t h a t  Fuchs- 
S ~ n d h e i m e r l - ~  t h e o r y  a p p l i e s  and t h e  c o n d u c t i v i t y  o f  t h e  f i  Im i s  f i n i t e  and 
w i l l  s u p p o r t  a tangent ia l   component  of e l e c t r i c  f i e l d  a t  t h e  f i l m  s u r f a c e ,  
t h i s  t h e o r y  may a l s o  b e  a p p l i e d  t o  s e m i c o n d u c t i n g  f i l m s  w i t h  c e r t a i n  r e -  
s t r i c t i o n s  t h a t  w i l l  be  mentioned. 
D i f f r a c t i o n   b y   c o n v e n t i o n a l   s c r e e n s ,  where t h e  s c r e e n  c o n d u c t i v i t y  i s  
e s s e n t i a l l y   i n f i n i t e ,  was f i r s t   a n a l y z e d   b y   K i r c h h o f f .   M a j o r   i m p r o v e m e n t s  
i n  t h e  t h e o r y  were made by H. B e t h e   f o r   t h e   c a s e   o f  a s i n g l e   s m a l l  6 
a p e r t u r e  i n  a s c r e e n  t h a t  h a s  i n f  i n i  t e  c o n d u c t i v i t y .  A I though there has 
been some d e t a i  l e d  d i s c u s s i o n  o f  B e t h e ' s  r e s u  I t s  f o r  t h e  n e a r  f i e l d , 7  h i s  
t h e o r y  i s  g e n e r a l l y  a c c e p t e d  f o r  f a r  f i e l d  c a l c u l a t i o n s  and w i l l  s a t i s f y  
the   usua l   wavegu ide   measuremen t   echn iques .   Ex tens i ve   add i t i ons   t o  
d i f f r a c t i o n  t h e o r y  have  been made b y  C o l l i n  and  Eggimann and o t h e r s  
and we w i l l  f i n d  t h e i r  w o r k  v e r y  h e l p f u l  i n  r e f i n i n g  t h e  a c c u r a c y  o f  o u r  
t h e o r e t i c a l   c a l c u l a t i o n s .   I n   r e v i e w i n g   t h e s e   p a p e r s   t h e   r e a d e r   s h o u l d   n o t e  
t h a t  when a r e f e r e n c e  i s  made t o  a " t h   i n  d i f f r a c t i o n  f i I m o r   s c r e e n "   t h e  
p a p e r s  a r e  r e f e r r i n g  t o  t h e  p h y s i c a l  d i m e n s i o n s  o f  t h e  f i l m s  i n  r e g a r d  t o  
t h e  assumed b o u n d a r y  c o n d i t i o n s  a n d  t h e y  a r e  s t i l l  a s s u m i n g  t h a t  t h e  c o n -  
d u c t i v i t y  o f  t h e i r  f i l m s  i s  i n f i n i t e .  
8 , 9 ,  I O  I I  
Theory 
W i t h  t h e  a s s u m p t i o n  t h a t  t h e  c o n d u c t i v i t y  o f  o u r  f i l m s  i s  f i n i t e ,  
we w i l l  p r o c e e d  t o  ana lyze  the  case  o f  a t h i n  f i l m  d i f f r a c t i o n  s c r e e n  t h a t  
c o n t a i n s  a s i n g l e  s m a l l  h o l e  and i s  mounted i n  t h e  t r a n s v e r s e  p l a n e  o f  a 
rectangular   waveguide  as shown i n   F i g u r e  I .  We w i l l   c o n f i n e   o u r   a n a l y s i s  
3 
Figure 2. A Smi th  Char t  P lo t  of t h e  Impedance o f  Two S imi l .a r  I r i ses .  
One  made from a 475 angstrom nickel  f i l m  and the other  f rom 
0.5 m i  I .  n i c k e l  f o i  I .  I n  each  case  the  rectangular  aperl-ure 
was l o c a t e d  a t  t h e  c e n t e r  o f  t h e  f i l m  and the  length  o f  the  
aper tu re  was h e l d  c o n s t a n t  a t  0.5 inches. The he igh t  of t h e  
aper tu re  was stepped from zero (no hole) up -to 0.06 inches 
fo r  t h e  film and 0.07 inches   fo r   the  fo- i t .  
4 
" 
t o  the dominant  TE lo  mode 
i s  t r a v e l l i n g  i n  t h e  +z-d 
i s   l o c a t e d   a t  z = 0. Ref 
and i s   r e p r e s e n t e d   b y   t h e  
. I t   i s  
i r e c t i   o n  
I e c t  i on 
wave ( E  
4 
-. 
F o r  s u f f i c i e n . t l y  t h i n  f i l m s  
assumed 
toward 
t h a t  t h e  i n c i d e n t  wave (60,tjO) 
t h e  f r o n t  f a c e  o f  t h e  f i l m  w h i c h  
f r o m  t h e  f i  Im i s  u s u a l l y  r e l a t i v e l y  h i g h  
I , H I ' *  
a measurable  amount of e n e r g y  i n  t h e  
wave (E3, H'f) w i l l   p e n e t r a t e   t h e   f i l m .  Some o f   t h i s   e n e r g y  (E;,H-l) w i l l  
be r e f l e c t e d  from t h e  f a r  f a c e  o f  t h e  f i l m  ( z  = d )  and t h e  r e m a i n d e r  w i l l  
b e   t r a n s m i t t e d   e n t i r e l y   t h r o u g h   t h e   f i l m  (E4,H4). - 
( A )  NO HOLE I N  FILM: I n   t h e   a b s e n c e   o f   a n y   h o l e   i n   t h e   f i l m   a n d  "-
w i t h  t h e  f i l m  connecte,d e l e c t r i c a l l y  t o  t h e  s u r f a c e s  o f  t h e  w a v e g u i d e ,  i t  
has  been shown t h a t  t h e  t r a n s m i s s i o n  t h r o u g h  any f i l m  i s  a f u n c t i o n  o f  t h e  
p r o d u c t  o f  t h e  f i I m c o n d u c t i v i t y  t i m e s  t h e  f i I rn t h  i c k n e s s .  The power 
t r a n s m i s s i o n  c o e f f i c i e n t  i s  g i v e n  b y  
p r o v i d e d   t h a t  y << y and y d < <  I .  The p r o p a g a t i o n   f a c t o r   i s  y and LI i s  
t h e   p e r m e a b i l i t y   o f   t h e  f i l m .  The p e r m i t t i v i t y   o f   t h e   f i l m   i s  E .  The  sub- 
s c r i p t  "0" des igna tes  f ree  space  va I ues. 
0 0 
The p r o p a g a t i o n  c o e f f i c i e n t  f o r  t h e  f i l m  i s  
w h i l e   f o r   t h e   f r e e   s p a c e   i n   t h e   w a v e g u i d e  it i s  
I T 2  I / 2  = - W2!J0E01 
The cu to f f   f r equency   f o r   t he   dominan t   TE lo  mode i s  o b t a i n e d  b y  s e t t i n g  
YO = 0 .  
where a i s   t h e   w i d t h  of  t h e   w a v e g u i d e .   W i t h   t h i s   s u b s t i t u t i o n   E q u a t i o n  
(2a )  may b e  p l a c e d  i n  t h e  form: 
S u b s t i t u t i o n  i n t o  E q u a t i o n  ( 1 )  y i e l d s  a p o w e r   t r a n s m i s s i o n   c o e f f i c i e n t  
2 
I -  JI - ( f  / f P  C 
2 
The i m a g i n a r y   t e r m   i n   t h e   d e n o m i n a t o r   i s   u s u a l l y   v e r y   s m a l l .  and may be 




i s  shown i n   F i g u r e  3. V e r y   g o o d   e x p e r i m e n t a l   v e r i f i c a t i o n   o f   t h i s   r e l a t i o n -  
sh ip   has   been   obse rved   a t  IO GHz f o r  m e t a l  and  semiconductor   f i lms,  
4 
5 
The  power r e f l e c t i o n  c o e f f i c i e n t  f r o m  a t h i n  f i l m  i s  g iven  by  
6 
Figure  3. The Power Transmission of  Th in   F i lm  Windows in Waveguide 
as a Funct ion of ad 
7 
2 
Ro = 121 = 
Ro = / r o l L  
od 
I +  
2 
when r i s   t h e   a m p l i t u d e   r e f l e c t i o n   c o e f f i c i e n t  and t h e  impedance of  f r e e  
space i s  = 377 ohms. A p l o t  o f  Equa t ion  ( 8 )  i s  shown i n   F i g u r e  4. 
0 
(B )  DIFFRACTION HOLE I N  FILM: A s m a l l   h o l e  whose r a d i u s ,  s, i s  much 
”
less  than   t he   gu ide   wave leng th  of t h e  i n c i d e n t  EM wave i s  now l o c a t e d  a t  
t h e   c e n t e r  o f  t h e  f i l m .  The t o t a l  p o w e r   r e f l e c t e d   a n d   t r a n s m i t t e d  w i l l  be 
d i f f e r e n t  from the  p rev ious  case  where  the re  was n o  h o l e  i n  t h e  f i l m .  
Bethe  has shown t h a t  t h e  e f f e c t  o f  t h e  h o l e  may b e  t a k e n  i n t o  a c c o u n t  b y  
c o n s i d e r i n g   i n d u c e d   e l e c t r i c   a n d   m a g n e t i c   d i p o l e s  t o  e x i s t  i n  t h e  h o l e .  As 
we a r e  o n l y  i n t e r e s t e d  i n  t h e  f a r  f i e l d  r e s u l t s ,  we w i l l  fo l low a development 
s i m i l a r  t o  t h a t  u s e d  b y  B e t h e  b u t  w i t h  t h e  s i g n i f i c a n t  d i f f e r e n c e  t h a t  t h e  
f i n i t e  c o n d u c t i v i t y  of o u r  f i l m s  p e r m i t  us t o  have a tangent ia l   component  
o f  E a t  t h e  s u r f a c e  o f  t h e  f i l m  whereas  Bethe  could  not   because  he assumed 
a p e r f e c t  c o n d u c t i n g  s c r e e n .  
0 
L e t  t h e  t o t a l  EM f i e l d  d e v e l o p e d  b y  b o t h  o s c i l l a t i n g  d i p o l e s  b e  (E2,F2). 
Ha I f of  t h e  e n e r g y  r a d i a t e d  b y  t h e  d i p o l e s  w i  I I be i n  a wave (E-  H-) t r a v e  I I i ng 
from t h e  f i Im t o w a r d  t h e  g e n e r a t o r  a n d  t h e  o t h e r  h a  I f  of  t h e  e n e r g y  wi I I be 
i n  t h e  wave (EZ,!; 1 t h a t  t r a v e l s  beyond  the  f i Im. I n  t h e  m o s t  g e n e r a  I case 
-2”2 
+ 
E2 - p  = E  + E m  ( 9 )  
8 
I cl 
Figure 4. The  Magnitude of the Voltage  Reflection  Coefficient for  
Thin Film Windows in Waveguide 
9 
and 
H = H  + H  ( I O )  -2 -p -m 
where t h e  wave (,E ,lj 1 i s  g e n e r a t e d  b y  t h e  i n d u c e d ,  o s c i l l a t i n g  e l e c t r i c  
d i p o l e   l o c a t e d   i n   t h e   h o l e   a n d   t h e  wave ( E  Hm) i s   genera ted   by   t he   i nduced  
o s c i l l a t i n g   m a g n e t i c   d i p o l e   t h a t   i s   l o c a t e d   i n   t h e   h o l e .   B o t h   o f   t h e s e  
d i p o l e s   a r e   i n d u c e d   b y   t h e   n e t   f i e l d s   a t   t h e  f i l m  s u r f a c e .   T h a t   i s , f o r   t h e  
o s c i l l a t i n g  e l e c t r i c  d i p o l e :  
P P  
rn' 
and f o r  t h e  o s c i l l a t i n g  m a g n e t i c  d i p o l e :  
Wave (E ,H 1 = 
- m  -m 
I n  these  equa t ions ,  
w i t h o u t  a ho le. Spec 
o f   t h e   i n d u c e d   d i p 0  
rO 
i s  t h e  a m p l i t u d e  r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  f i I m  
i f i c a l   l y  r = E /E  =- H /H F i g u r e  5 i s  a ske tch  
l e s  f o r  t h e  TElo mode of  e x c i t a t i o n  o f  t h e  Waveguide. 
0 I t  o t  I t  C-t- 
I n  ?he  case o f  t h e  i n d u c e d  e l e c t r i c  d i p o l e ,  o n l y  a tangent ia l   component  
o f  t h e  o r i g i n a l  f i e l d  can  induce a d i p o l e   w h i c h ,   i n   t u r n ,  w i l l  r a d i a t e  down 
the  waveguide. Thus, when t h e   d i f f r a c t i o n   s c r e e n   h a s  a f i n i t e   c o n d u c t i v i t y ,  
a t a n g e n t i a !   c o m p o n e n t   o f   e l e c t r i c   f i e l d  ( E  + E l t )  may e x i s t   a t   t h e   s c r e e n  
and  an o s c i l l a t i n g  e l e c t r i c  d i p o l e  w i l l  be i nduced   i n   t he   ho le .   The re fo re ,  
t h i s  a n a l y s i s  w i l l  d i f f e r  from t h a t  o f  B e t h e  a n d  o t h e r s  i n  t h a t  two add i -  
t i o n a l  t e r m s  may  now e x i s t  i n  r e c t a n g u l a r  w a v e g u i d e s  t h a t  h a v e  b e e n  p r e -  
v i o u s l y  r u l e d  o u t  b y  t h e  i n f i n i t e  c o n d u c t i v i t y  of t h e  d i f f r a c t i o n  s c r e e n s  
employed, F i r s t ,   f o r   v e r y   t h i n   f i l m s   t h e   d i r e c t   t r a n s m i s s i o n  wave ( E  H 1 -4"4 
may make  a s i g n i f i c a n t   c o n t r i b u t i o n .  Second,  an  even  more i n t e r e s t i n g   t e r m  
i s  t h e  p r e s e n c e  o f  t h e  ( E  ,H 1 wave r a d i a t e d   b y   t h e   i n d u c e d   e l e c t r i c   d i p o l e .  
T h i s  wave has a p r o n o u n c e d  e f f e c t  upon t h e  impedance p r e s e n t e d  b y  t h i s  
- 
- O t  















F i g u r e  5. Sketches of t h e   I n d u c e d   E l e c t r i c  ( a )  and 
Magnet ic  ( b )  Dipo les   Which   Represent   the  
Reactance of t h e  A p e r t u r e  
11 
d i f f r a c t i o n  s c r e e n  o ' r  i r i s  i n  t h e  w a v e g u i d e .  
Boundary  cond i t i ons  fo r  on ly  the  tangen t ia l  componen ts  of t h e  e l e c t r i c  
f i e l d  a r e  s u f f i c i e n t  when t h e  a n a l y s i s  i s  l i m i t e d  t o  t h e   T E l o  mode. The 
c o n t i n u i t y  o f  t a n g e n t i a l  componen ts  ove r  the  l e f t  hand  su r face  ( ' 2  = 0 )  o f  
t h e  f i l m  p e r m i t s  u s  t o  w r i t e  
w h i  l e  a t  t h e  r i g h t  hand su r face  (z = d )  we have 
The c o n t i n u i t y  o f  t a n g e n t i a l  componen ts  ove r  the  su r face  o f  t he  ho le  
" "- 
leads t o  
( h o l e )  
and 
+ 
H0-F + H l t  + H;t - H4 t  + Hz t  - ( h o l e )  
where we a re  assuming  tha t  t he  f i  Im i s  s u f f i c i e n t l y  t h i n  so t h a t  t h e r e  i s  
n e g l i g i b l e  v a r i a t i o n  i n  any o f  t h e s e  f i e l d s  a s  we pass   th rough  the   ho le .  
Thus., the  theory  be ing  deve loped here  may a l s o  b e  a p p l i e d  t o  any  semicon- 
duc t ing   sample   p rov ided  tha t   the   above  assumpt ion   i s   va l id .   .Because of 
t h e  r e l a t i v e l y  low c o n d u c t i v i t y  of  semiconduc to rs   t he re  i s  a tendency t o  
u s e  w a f e r s  i n s t e a d  o f  t h i n  f i  Irns a n d  h e n c e  t h e  p r e c e d i n g  c a u t i o n  i s  o f  
impor tance.  
The r a d i a t i o n   f r o m   t h e   d i p o l e ,   o n   e a c h   s i d e   o f   t h e   i r i s ,   i s   e q u a l   i n  
magnitude and d i f f e r s   o n l y   i n   t h e   d i r e c t i o n   o f   p r o p a g a t i o n .  Thus 
E' - + 
- 2 t  - -EZt 
12 
and 
I f  we s u b s t i t u t e   E q u a t i o n s  ( 1 7 )  and (18) i n t o   E q u a t i o n s  ( 1 5 )  and (16) 
we o b t a i n  
F o l l o w i n g  C o l l i n ’ s  g e n e r a l  a p p r o a c h ,  1 2 p 1 3  we w i  I I e x p r e s s  t h e  f i e l d s  
r a d i a t e d  b y  t h e  d i p o l e s  i n  t e r m s  o f  s c a t t e r i n g  c o e f f i c i e n t s  a n d  t h e  e x c i t a -  
t i o n   f i e l d s .   W i t h   r e f e r e n c e   t o   E q u a t i o n s  ( 9 )  and (10)  as  wel l   as ( 1 1 )  and 
(12) we may w r i t e  
where the q,‘s a r e  t h e  s c a t t e r i n g  c o e f f i c i e n t s .  
I t  i s  c o n v e n i e n t  t o  i n c l u d e  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  i n  t h e  
r O  
s c a t t e r i n g   c o e f f i c i e n t .  Also, i n   t h e   c a s e   o f   t h e   d o m i n a n t   T E l o  mode, t h e  
e l e c t r i c  f i e l d  Is p r o p o r t i o n a l  t o  t h e  m a g n e t i c  f i e l d  and we  may w r i t e :  
13 
I 
where t h e  
t h e   o s c i  I 
t h e   o s c i  I 
s c a t t e r i n g  c o e f f i c i e n t  V 
P 
l a t i n g  e l e c t r i c  d i p o l e  and 
l a t i n g   m a g n e t i c   d i p o l e .  E 
a p p l i e s  t o  t h e  EM f i e l d  
;G a p p l i e s  t o  t h e   f i e l d  m 
produced  by 
produced  by 
a I I t h e  
The 
r e c  i p r o c  
i t h e r  o n e  of t h e s e  e q u a t i o n s  c o n t a i n s  
i n f o r m a t i o n  we r e q u i r e .  
s c a t t e r i n g  c o e f f i - c i e n t s  may b e  f o u n d  b y  u t i l i z i n g  t h e  L o r e n t z  
i t y  t heo rem  wh ich   i n   genera l   re la tes  two c u r r e n t   s o u r c e s  J and - f  
J and t h e i r   e s p e c t i v e   f i e l d s  E f ,  !-jf and E lj a c c o r d i n g   t o  
-g   g ’  9 
where n i s  t h e  o u t w a r d  n o r m a l  u n i t  v e c t o r  t o  t h e  s u r f a c e  e n c l o s i n g  t h e  
sources . 
- 
The s c a t t e r i n g  c o e f f i c i e n t s  w i l l  be d e r i v e d  i n  t e r m s  o f  u n i t  a m p l i . t u d e  
f i e l d s ,  Then Eot i n   E q u a t i o n  ( 2 3 )  w i  I I d e t e r m i n e   t h e  amp1 i t u d e  of E- 
Lower  case l e t t e r s  w i  I I r e p r e s e n t   n o r m a l i z e d   q u a n t i t i e s .   I n  o u r   p r o b l e m  
o n l y  a s i n g l e  s o u r c e  e x i s t s  i n  t h e  v o l u m e ,  V, which i s  p o s i t i o n e d  so as t o  
i n c l u d e   t h e  f i l m .  See F i g u r e  6. Then J i n   E q u a t i o n  ( 2 5 )  i s   z e r o  and  Jf 
r a d i a t e s   t h e  wave  h which i s  due t o   t h e   o s c i l l a t i n g   m a g n e t i c  and 
e l e c t r i c   d i p o l e s   l o c a t e d   a t   t h e   i r i s .  The volume  must  be  large  nough so 
t h a t   o n l y   d o m i n a n t  mode o p e r a t i o n  w i l l  e x i s t   o u t s i d e   t h e   v o l u m e .   T h u s ,   t h e  
p l a n e s   l o c a t e d   a t  za and % w i l l  each t o   s e v e r a l   w a v e l e n g t h s   f r o m   t h e  
r a d i a t i n g   d i p o l e s .  T h e   n o r m a l i z e d   f i e l d s   e x c i t e d   b y   t h e   d i p o l e s   a r e  assumed 
t o  be o f  t he  dominan t  TE lo  mode  when measured  beyond t h e  p l a n e s  z = z 
and a re   des igna ted   by  e and h . I n   g e n e r a l :  
- 2 t  - 
- g  
f ’  - f  
a’ % 
9  9 
14 




- 1  
e- h- 
I 
I e  h I e+ h+ --g' -9  I - f  I - f  I - g '  - g  
1 
J I I 
- FILM 
- f  
I I I 
I 1 I 
Z z = o  Z 




F i g u r e  6. A C u r r e n t   S o u r c e   i n   t h e  Volume  Bounded  by t h e  
Waveguide  and the   p lanes  z z a '  b 
t + 
e = $ e  i - f  f x- 
The wave e-  h-  propagated i n  t h e  n e g a t i v e  z - d i  r e c t i o n  i s  
- g '  - 9  
e = e  i 
-9  gx- 
- 
h = h  j + h  k 
-9  SY- g z -  
and  Equat ion 25 becomes 
15 
The wavegu ide  wa l ls  a re  cons idered t o  be p e r f e c t  c o n d u c t o r s  a n d  t h e r e f o r e  
t h e   w a l l   s u r f a c e   i n t e g r a l s   a r e   z e r o .  Thus, Equa t ion  ( 2 8 )  reduces t o  
Now a t  t h e  s u r f a c e s  Z = ,  z and Z = Z we a r e  a s s u m i n g  t h a t  t h e  f i e l d s  a b' 
r a d i a t e d  b y  t h e  d i p o l e s  h a v e  become T E I O  modes and t h e r e f o r e  
e = e   = e  fo r  z = 8, .Zb 
f x  gx  x 
and 
( 3 0 )  
h = h = h f o r  z =  z 
fY SY Y a '  % (31 1 
W i t h  t h e s e  s u b s t i t u t i o n s  we  may s o l v e  f o r  t h e  s c a t t e r i n g  c o e f f i c i e n t  
$' i n   E q u a t i o n  ( 2 9 ) .  
t $' = - - r e- . JfdV I 
2 %  J v - g  - 
where 
S = I b l a e h d S  f o r  z = z 
O 0 0 X Y  b 
( 3 2 )  
( 3 3 )  
16 
. .. . ... ......_..._. ..... ".."-..""."...-.-... ..".. . ... ...-... . ,,,., 
The cu r ren t  sou rce ,  J f ,  may be represented  by a 
xz-p I ane  and  an x - d i   r e c t e d  e I e c t r i c   c u r r e n t  e I ement 
shown i n   F i g u r e  5. L e t   u s   c o n s i d e r   t h e   c u r r e n t   l o o p  
of  the   loop ,  s << X t h e n   t h e   m a g n e t i c   f l u x   d e n s i t y  
s t a n t   o v e r   t h e   l o o p   a r e a .  By Equat ion  ( 3 2 )  
9 
I / J ~  = - - e I L d L  + I 
., 2so R-g - 
c u r r e n t   l o o p   i n   t h e  
i n  t h e  x y - p l a n e  as 
f i r s t .  I f  t h e   r a d i u s  
i s  a p p r o x i m a t e l y  c o n -  
( 3 4 )  
I 
- - - Vxe-  ndA- 2s0 A - - g  - 
where t h e  s u r f a c e  u n i t  v e c t o r  n = j and t h e  s u b s c r i p t ,  m, has  been  introduced 
t o  s i g n i f y  t h a t  t h i s  s c a t t e r i n g  c o e f f i c i e n t  i s  a r i s i n g  f r o m  a magnet ic  
d i p o l e .  
" ." 
V x e  = - j w ~ h  .. -9  0- 9 
i n   a c c o r d   w i t h   M a x w e l l ' s   e q u a t i o n s   f o r  a T E l o  mode. Then 
A c c o r d i n g   t o   E q u a t i o n   ( 2 7 b )  
h ' j = h  
-9  - SY 
which may be w r i t t e n  a s  
(35 )  
where B = w yl;b.o [ I  - ( f c / f )2 ]1 /2 .  I f  we e v a l u a t e   t h i s   e x p r e s s i o n   f o r  
17 
h a t   t h e   c e n t e r  of  t h e  i r i s  ( y  = a /2 )  we f i n d  t h a t  
9Y 
Wi th  these  subs t  
j BM 
$ +  = - Y 
m 2s0 
i t u t i o n s  
( 3 9 )  
where M = I A  i s   t h e   y - d i r e c t e d   m a g n e t i c   d i p o l e .  
Y 
The d i p o l e  moment fo r  r a d i a t i o n  i n  t h e  - z d i r e c t i o n  may b e  w r i t t e n  
as 
where am i s  t h e  m a g n e t i c  p o l a r i z a b i l i t y  o f  t h e  a p e r t u r e  
N o r m a l i z e   t h e   f i e l d s   r e l a t i v e  t o  I E  I .  Thus  f rom  Equat ions (13) -0 t 
and (16)  we h a v e   + o r   t h e   n o r m a l i z e d   f i e l d s  
e + e = e i = [exp ( - jBz )  + r e x p ( j ~ z ) ] s i n %  - 0 t  - I t  x -  0 a -  (41a)  
a p e r t u r e  i s  
However, t h e  d i p o l e  moment must  be  doubled t o  t a k e  i n t o  a c c o u n t  i t s  
minor  image i n   t h e   f i l m   p l a n e   b e c a u s e  we must  remember t h a t  ” i n   o u r   p h y s i c a l  
18 
model t h e r e   i s   n o   h o l e   i n   t h e   f i l m .  The area  
"""" 
s =  
0 
Ibla s i n 2  2 dydx 
0 0 a 
S u b s t i   t u t  
-L 
ing; we o b t a i n  
- + 
Qm = Qm (45 )  
Thus f a r  we h a v e  i g n o r e d  t h e  e l e c t r i c  c u r r e n t  e l e m e n t  t h a t  a p p e a r e d  
i n   E q u a t i o n  ( 3 2 ) .  An o s c i l l a t i n g   c u r r e n t   e l e m e n t  may be  represented by an 
e l e c t r i c  d i p o l e  w h i c h  c a n  e x i s t  i n  t h e  p l a n e  o f  t h e  a p e r t u r e  b e c a u s e  t h e  
f i l m  i s   n o t  a pe r fec t   conduc to r .   Us ing   Equa t ion  ( 3 6 )  
The e l e c t r i c  d i p o l e  moment i s  
P = - ~ a e i  
o e x-  (47 )  
where ae is t h e  e l e c t r i c  p o l a r i z a b i l i t y  o f  t h e  a p e r t u r e .  From Equat ion  
( 4 l a ) ,  e v a l u a t e d  a t  y = 1/2a, 
e = I + r o  (48)  
X 
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S u b s t i t u t i n g  we have 
I" ab$ 
The s u b s c r i p t  p i s  i n t r o d u c e d  t o  i d e n t i f y  t h e  s c a t t e r i n g  c o e f f i c i e n t  w i t h  
t h e  e l e c t r i c  d i p o l e .  The d i p o l e  moment a n d  t h e  e x c i t a t i o n  wave a r e  t h e  
same f o r  t h e  s c a t t e r i n g  c o e f f i c i e n t  i n  t h e  r e g i o n  z < 0. There fo re  
Equat 
E;t - 
E 2 t  - 
- 
+ -  
- 






H o t  = 
Eo = A s in-  E ny - j B z  
X 
a 
I H = A -  s i n  - Y e - j B z  
OY w a 
(50 )  
( 52a) 
(52b ) 
I h e  s c a t t e r i n g  c o e f f i c i e n t s  may be eva lua ted  upon s e l e c t i n g  a p p l i c a b l e  
e l e c t r i c  a n d   m a g n e t i c   p o l a r i z a b l i i t i e s ,  c1 and c1 f o r  a p a r t i c u l a r   a p e r t u r e  
c o n f i g u r a t i o n .   E x a c t   v a l u e s   f o r   e l l i p t i c a l   c o n f i g u r a t i o n s  and approx imate 
e m '  
20 
va lues  f o r  s l o t s  may b e  f o u n d  i n  t h e  l i t e r a t u r e  14,15 
From  impedance  measurements  on b u l k  and t h i n  f i l m  s c r e e n s  w i t h  i d e n t i c a l  
a p e r t u r e s   e f f e c t i v e   v a l u e s  of ct and ct may be determined for  any a p e r t u r e  
c o n f i g u r a t i o n  whose d imens ions  are  smal l  w i th  respec t  t o  t h e  w a v e l e n g t h .  
T L e  p o w e r  t r a n s m i s s i o n  c o e f f i c i e n t  f o r  a t h i n  f i Im sc reen  tha t  con -  
e m 
t a i n s  a n  a p e r t u r e  i s  
2 
T =  E4t+E:t 
which may be w r i t t e n  i n  t h e  form 
(53 )  
where To i s  t h e  p o w e r  t r a n s m i s s i o n  t h r o u g h  t h e  f i l m  when t h e r e  i s  no 
a p e r t u r e   ( E q u a t i o n  ( 6 ) )  and Th = (E;t/Eotl i s   t h e  power  t ransmiss ion 
t h r o u g h   t h e   a p e r t u r e .   I n   t h e   c a s e  o f  t h e  t h i c k e r  f i  Ims, To w i  I I be i n -  
s i g n i f i c a n t  and T w i l l  be t h e   i m p o r t a n t   e r m .  By Equa t ion  (171,  h 
S u b s t i t u t i n g  t h e  a p p r o p r i a t e  v a l u e s  f o r  t h e  s c a t t e r i n g  c o e f f i c i e n t s ,  t h e  
power  t ransmiss ion of t h e  i r i s  i s  
2 
Th = l l c l  + 
P 
(56 )  
The  power r e f l e c t i o n  c o e f f i c i e n t  f o r  an i r i s  fo r  t h e  T E l o  mode i s  
o b t a i n e d  i n  a s i m i l a r  manner: 
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E l t  + E;t 
- 
2 
+ . R h  I /2  
2 
R =  - Ro ( 5 7 )  
Where R i s  t h e  power r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  t h i n  f i l m  w i t h o u t  a 
h o l e  and Rh = I E- /E I = Th i s  t h e  power r e f  I e c t i o n  c o e f f i c i e n t  of t h e  
h o l e  a l o n e  and i s  equal  t d  t h e  power t r a n s m i s s i o n  c o e f f i c i e n t  of t h e  h o l e .  
As t h e   p o w e r   a b s o r p t i o n   c o e f f i c i e n t ,  Ah, o f  t h e  h o l e  i s  z e r o ,  it f o l l o w s  
from t h e  g e n e r a l  r e l a t i o n s h i p  b e t w e e n  t h e  p o w e r  c o e f f i c i e n t s :  
0 
2 t  O t  
Th + Rh + Ah = I ( 5 8 )  
t h a t  T = Rh = - I f  we s u b s t i t u t e   E q u a t i o n  ( 2 3 )  i n t o   E q u a t i o n  (57 )  
we ob ta  i n 
I 
h 2 .  
we 
f i l  
i s  
The  impedance o f  t h e  i r i s  i 
compare i t s  impedance t o  t h a t  
m ( p  = 0). The  impedance o f  
(TElo mode) :  
"-
Et + E l  t + E;t - z = "  - - 
Ht Hot + H I  t+ H i t  
s o f  s p e c i a l   i n t e r e s t ,   p a r t i c u l a r  
- o f  a s i m i  l a r  i r i s  c o n s t r u c t e d  o f  
the  waveguide  system, a t  any   po in  
E l t  I + - + -  
, Eat, ,Eat 
("--I 
H o t  I t H.2t 
H o t   
I + - + -  
y when 
a t h i c k  
9 z <o, 
( 6 0 )  
I n t r o d u c e  t h e  a m p l i t u d e  r e f l e c t i o n  c o e f f i c i e n t  f o r  a f i l m  w i t h o u t  a ho le ,  
r O  
= E /E = - H /H and a l s o   t h e   a m p l i t u d e   r e f l e c t i o n   c o e f f i c i e n t   f o r  I t  O t  I t  O t  
t he   ho le ,  ETt/Eot = - H- /H and Equa t ion  ( 6 0 )  becomes 2 t  O t  
where Z i s  t h e   c h a r a c t e r i s t i c  impedance o f   the   wavegu ide .  
0 
22 
Exper i menta I V e r i  f i c a t i o n  
The p r e c e d i n g  a n a l y s i s  may be v e r i f i e d  b y  e x p e r i m e n t a l  o b s e r v a t i o n s .  
The  reactance of any i r i s  may b e  c a l c u l a t e d  p r o v i d e d  t h a t  t h e  p r o p e r  p o l a r i -  
z a b i l i t y  of  t h e  a p e r t u r e  may be   ascer ta ined.  The c a l c u l a t i o n  of p o l a r i z -  
a b i l i t i e s  f o r  c i r c u l a r ,  e l l i p t i c a l ,  a n d  r e c t a n g u l a r  a p e r t u r e s  i s  d iscussed 
in   t he   Append ix .   The   genera l   m ic rowave   l ayou t   i s  shown i n   F i g u r e  7. I t  
i s  i m p o r t a n t  t o  m a i n t a i n   v e r y   s m a l l   s t a n d i n g  wave r a t i o s  i f  power  measure- 
m e n t  e r r o r s  a r e  t o  be minimized. '  
The r e s u l t s  of  t h e  measurements made o n  a n  i r i s ,  m a n u f a c t u r e d  from a 
n i c k e l  f i l m  280 a n g s t r o n s  t h i c k  w h i c h  was vacuum depos i ted  on  a mica 
s u b s t r a t e ,   i s  shown i n   T a b l e  I .  F i r s t ,  a c i r c u l a r   a p e r t u r e  was  made by 
c a r e f u l l y   s h a v i n g  o f f  the  unwanted f i l m .  Measurements  were made and  then 
t h e  a p e r t u r e  was e n l a r g e d  t o  a n  e l l i p s e  w i t h  a m i n o r  a x i s  Rx = ~ ( 0 . 1 )  
inches  and a m a j o r   a x i s  R = 4 0 . 2 5 )  i n c h e s .   A f t e r   e a c h   s e t  o f  microwave 
m e a s u r e m e n t s  t h e  e l l i p t i c a l  a p e r t u r e  was en la rged  as  tabu la ted .  
I 
I 
Y 2  
W i t h  r e f e r e n c e  t o  t h e  A p p e n d i x ,  t h e  e l e c t r i c  a n d  m a g n e t i c  p o l a r i z a t i o n s  
as a f u n c t i o n  o f  t h e  e c c e n t r i c i t y  of  each e l l i p t i c a l  a p e r t u r e  were  computed. 
From t h i s  i n f o r m a t i o n  t h e  impedance of each i r i s  was computed  and  compared 
w i th   t he   measured   va lues   as  shown i n   F i g u r e  8. B e a r i n g   i n   m i n d   t h e  
simp I i c i  t y  o f  o u r  mode I f o r  t h e  a p e r t u r e  and t h e   r e s t r i c t i o n  t o  "stna I I 
h o l e s " ,   t h e   r e s u l t s   a r e   v e r y   e n c o u r a g i n g .   B e t t e r   c o r r e l a t i o n   b e t w e e n  
t h e  c a l c u l a t e d  and  measured r e s i s t a n c e s  i s  des i rab le   and  we are  making 
some improvemen ts   a long   t h i s   l i ne   wh ich  w i l l  be   d i scussed   i n  a subsequent 
r e p o r t .  
I t  i s  i m p o r t a n t  t o  n o t e  t h a t  none o f  t h e  e l l i p t i c a l  a p e r t u r e s  d i s -  
p l a y e d  a c a p a c i t i v e   r e a c t a n c e .   Y e t   c o m p a r a b l e   r e c t a n g u l a r   a p e r t u r e s   i n  
t h i n  f i  Ims d o  d i s p l a y  a capac i t i ve  reac tance  (See  F igu re  2 )  p r o v i d e d  t h e  
m i n o r   a x i s  i s  k e p t   r e l a t i v e l y   s m a l l .   T h i s   o b s e r v a t i o n  was v e r i f i e d   o n  
o t h e r  f i l m s  and it was found  tha t  t he  rounded  co rne rs  of  t h e  e l l i p t i c a l  
a p e r t u r e  i n  t h e  t h i n  f i l m  o f  f i n i t e  c o n d u c t i v i t y  p l a y e d  a n  i m p o r t a n t  r o l e  




Gen t Atten lso l  e - ( I  1 Coupler . Slotted , 
I r i s  ( 4 )  ( 5 )  
wi th  Line 
F i l m  
( 2  1 
- + P2tPq 
7 .)' 
SST ( 6 )  
Power  Power 
Meter  Meter 
( 1 )  I so la to r  SWR < I .2 
( 2 )  Attenuator SWR < I . I 5  
( 3 )  Switch SWR < 1.10 
(4) Direct ional  Coupler SWR < 1.10 
( 5 )  Slotted  Line SWR < I .20 
(6) Sl ide Screw Tuner 
( 7 )  Power Meter SWR < I .02 
F igure  7. The General  Experimental  Arrangements Used a t  IO Ghz 
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F i g u r e  8. A Comparison of t h e  C a l c u l a t e d  and  Measured  Reactances 
and R e s i s t a n c e s  f o r  t h e  E l l i p t i c a l  A p e r t u r e s  T a b u l a t e d  
i n  T a b l e  I .  
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i n  c o n t r o l l i n g  t h e  r e a c t a n c e  
microwave c i r c u i t   p o s s i b i l i t  
enon i n  more d e t a i l .   I n   p a r  
p r e s s i o n  f o r  t h e  p o l a r i z a b i  I 
o f .  t h e  
ies  and 
t i c u l a r  
i t y  of 
i r i s .   T h i s   s u g g e s t s  many i n t e r e s t i n g  
we a r e  t h e r e f o r e  e x p l o r i n g  t h i s  phenom- 
we r e q u i r e  a s u i t a b l e  t h e o r k t i c a l  e x -  
t h e  r e c t a n g u l a r  a p e r t u r e  a n d  we a r e  
w o r k i n g   t o w a r d   t h i s   g o a l .   I n   t h e   m e a n t i m e  we have p l o t t e d   e m p i r i c a  
va lues  of t h e  p o l a r i z a b i l i t i e s  o f  t h e  r e c t a n g u l a r  a p e r t u r e  i n  F i g u r e  
i n  t h e  Appendix: 
A comparison of  the  exper imen ta l  and t h e o r e t i c a l  v a l u e s  o f  r e a c  
IA 
a nce 
a n d   r e s i s t a n c e   f o r   c i r c u l a r   a p e r t u r e s   i s  shown i n   F i g u r e  9 .  The c o r r e l a t i o n  
between  calculated  and  computed  values of r e a c t a n c e  i s  v e r y  good  and t h e  
c a l c u l a t e d  v a l u e s  of r e s i s t a n c e  a r e  of  acceptable  accuracy  a l though  improve-  
ments i n  t h e  t h e o r y  i n  r e g a r d  t o  t h e  d i s s i p a t i o n  i n  t h e  i r i s  a r e  d e s i r a b l e .  
Conc lus ions  
The t h i n  f i  I m  i r i s  can  be  designed t o  p r e s e , n t  e i t h e r  a n  i n d u c t i v e  o r  
a c a p a c i t i v e  r e a c t a n c e  w h e r e a s  t h e  c o n v e n t i o n a l  i r i s  t e n d s  t o  b e  o n l y  i n -  
d u c t i v e   u n l e s s   t h e   a p e r t u r e  i s  ex t reme ly   l a rge .  The theory  developed  here 
i s  a d e q u a t e  f o r  d e s c r i b i n g  t h i s  phenomenon  and t h e r e f o r e  we a r e  i n  a p o s i t i o n  















Nickel F i  Im 
ad = .042 
d = 300 angstroms 
.025  .05  .075 . I  . I25 
Aperture  Radius i n  Inches 
.025  .05  .075 . I  . I25 
Aperture  Radius  in  Inches 
F igure  9 .  A C i r c u l a r   A p e r t u r e   i n  a N i c k e l   F i l m  
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Append i x 
C a l c u l a t i o n  of t h e  S c a t t e r i n g  C o e f f i c i e n t s ,  JI, and JI f o r  t h e  E l l i p t i c a l  
P 
A p e r t u r e  
From Equat ions   (44)   and  (49)   the   magnet ic  and e l e c t r i c  s c a t t e r i n g  c o e f f i c i e n t s  
a r e  
and 
w = 2-rr x 9.8 x I O 9  = 6. 154 x 1O1O rad/sec 
a = .9 x .0254 = 0.02286 meter 
b = . 4  x .0254 = C).Ol016 meter  
f -  = 6.558 GHz. 
L 
The phase  constant  i s  
I t s  v a l u e  a t  9 . 8  GHZ i s  
B =  6. 154 x 1O1O 6.558)211/2 [I" 
3 x 108  9,80 
= 152.4 r a d / i n .  
W i t h   t h e s e   s u b s t i t u t i o n s   E q u a t i o n s  ( I A )  and 2A) become: 
JIm = j 1.312 x IO6 a m ( l  - ro) (4A) 
29 
k 
The m a g n e t i c  a n d  e l e c t r i c  d i p o l e  p o l a r i z a b i l i t i e s  f o r  e l   l i p i t i c a l  
a p e r t u r e s   a r e :   ( 1 4 )  
where 
= 1/2 of t h e  m i n o r  e l l i p t i c a l  a x i s  
R = 1/2 of t h e   m a j o r   e l l i p t i c a l   a x i s  
Y 
The  terms K ( E )  and E ( E )  a r e  t h e  c o m p i e t e  e l l i p t i c a l  i n t e g r a l s  o f  t h e  
f i r s t  and   second   k ind   respec t i ve l y :  
w h e r e  t h e  e c c e n t r i c i t y  E o f  t h e  e l l i p s e  i s  g i v e n  by 
Fo r  an e l l i p t i c a l  a p e r t u r e  o t  0.1 i n .  x 0.25 i n . ,   t he   axes   a re  R = 0.05 
in.   and R = 0.125 in.   Thus = 0.840, K = 2.359  and E = 1.151.  There- 




IT x (. I25 x .025413 a = -  
m 3 X c2.359 - I .  1511 
= 2.329 x IO-* 
= -  IT x ,125' x .0254(.05 x . 0254)2 ( .  1252 - .052)  
e 3 X [. 1252 X I .  151 - .05' X 2.3597 
= 5.816 x  IO-^ 
From a measurement o f  u d ,  t h e  r e f l e c t i o n  c o e f f i c i e n t  ro was found 
0 
f r om F igu re  4 t o  be -0.88 f o r  t h e  280 A n i c k e  I f i Im. Then 
$ = j I . 3 i 2  x IO6 x 2.329 x 10-8(1 + .88) m 
= j 0.0575 
= - j I .  19 x I O 6  x 5,816 x 10-9(1 - ,881 
- " j 0.000831 
The t h i n  t i l m  w i t h  a r e c t a n g u l a r  a p e r t u r e  w i t h  II "IIX e x h i b i t s  a 
Y 
c a p a c i t i v e  r e a c t a n c e  where t h e  same a p e r t u r e  i n  a f o i l  w i l l  e x h i b i t  an 
i nduc t i ve   reac tance .  The n e t   s c a t t e r i n g   c o e f f i c i e n t   i s  $ = ( $  + m 
E x p e r i m e n t a l  v a l u e s  o f  t h e  n e t  s c a t t e r i n g  c o e f f i c i e n t ,  Q, have 
F igure   IA .  An e f f o r t  
I f o r  Q for  t h e  r e c t a n g u l a r  
been  measured fo r  R = 0.5 inches  and  are 
i s  now be ing  made t o  c o n s t r u c t  a mathemat 
s l o t .  
Y 
shown i n  
i c a l  mode 
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. 4  
. 3  
.2 
. I  
I 
0 
. I  
.2 
I I 
Rx ( i n c h e s )  \ 
F i g u r e  IA. I$ from Exper imenta l   Data,  475 N i c k e l  F i l m  w i t h  
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